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Quantitative Registration and Distribution Analysis of Multicolor
3D Super-Resolution Images of Proteins Reveals Nanoscale Spatial
Organization
Alexander R.S. von Diezmann, Andreas Gahlmann, Jerod L. Ptacin,
Lucy Shapiro, W.E. Moerner.
Stanford University, Stanford, CA, USA.
The subcellular localization of biomolecules within cells is of crucial impor-
tance to signaling and cell cycle regulation. Super-resolution fluorescence
microscopy enables determination of molecular locations with 20-40 nm pre-
cision, allowing for observation of previously invisible spatial organization.
However, to conclusively determine whether biomolecules labeled with
different colors colocalize at this length scale, the color channels must be
overlaid with an accuracy % 10 nm. Furthermore, to extract quantitative in-
formation about biomolecular spatial organization from single-molecule
localizations, unbiased analytical methods that account for the discrete and
stochastic nature of localization-based imaging methods are essential.
Here, we demonstrate a method to obtain quantitatively overlaid multicolor
three-dimensional super-resolution images. We apply these capabilities to
study the unknown spatial organization of proteins at the ~250 nm diameter
cell poles of the bacterium Caulobacter crescentus. We describe algorithms
that analyze 3D single-molecule localization data within this small space by
determining overlap and morphological similarity between protein spatial dis-
tributions. We can thus map out the three dimensional architecture of proteins
at the cell pole and determine the average distances between protein clusters
with nm precision.
1024-Pos Board B779
Direct Three-Dimensional Imaging with Multiple Point of View
Microscopy
Pierre Mangeol, Erwin J.G. Peterman.
VU university Amsterdam, Amsterdam, Netherlands.
In traditional fluorescence microscopy, the sample is imaged in the focal plane
of the objective. In order to obtain a three-dimensional view of a fluorescent
sample, one has to record multiple parallel planes and combine them to create
a three-dimensional reconstruction of the sample. This can be too slow to allow
recording of the dynamics of the process of interested and is fundamentally
limited by a low axial resolution. These limitations do not allow dynamics
quantification of three-dimensional processes below typically a few seconds
timescale.
We present a new technique, Multiple Point of View Microscopy that allows
the simultaneous recording of two or more planes in the sample with indepen-
dent orientation and position. By means of micro-mirrors and recently devel-
oped refocusing techniques, direct three-dimensional imaging is obtained,
not limited in time resolution and with substantially improved axial resolution
compared to traditional fluorescence microscopy. We demonstrate the power of
this approach in experiments on intraflagellar transport in Caenorhabditis ele-
gans. We show that we can track the translocation of GFP-labeled kinesins
in vivo in three dimensions at video rate.
This demonstrates that Multiple Point of View Microscopy can be used for
three-dimensional quantification of dynamics taking place in three dimensions
on virtually any fluorescent sample, ranging from single molecules to multicel-
lular organisms.
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Mitochondrial DNANucleoidDistribution at Simulated Pathologies asVisu-
alized by 3D Super-Resolution Biplane FPALM / dSTORMMicroscopy
Lukas Alan, Andrea Dlaskova, Tomas Spacek, Jaroslav Zelenka,
Tomas Olejar, Petr Jezek.
Institute of Physiology, Prague, Czech Republic.
Upon certain insults and/or pathological states fragmented mitochondrial (mt)
network persists in cells, with spheroid mt remnants containing clustered nucle-
oids of mtDNA (1).
To image nucleoid distribution within mt network, we employed 3D super-
resolution fluorescent photoactivable localization microscopy (FPALM)(2),
in conjunction with photoconvertible fluorescent protein conjugates of marker
proteins such as mitochondrial (mt) transcription factor A (TFAM) or mt
single-stranded-DNA-binding protein (mtSSB). We have shown that nucleoids
in hepatocellular HepG2 cells exhibit a rather wide size distribution ranging be-
tween 50 to 300 nm. This was confirmed using 3D TFAM/mtSSB immunocy-
tochemistry in conjunction with direct stochastic optical reconstruction
microscopy (dSTORM). Positioning in TIM23 dSTORM visualized mem-
branes have confirmed our previous model for nucleoid clustering in mt
network fragments (1), which were induced by mtDNA replication/transcrip-
tion inhibition or other pathogenic simulations.Supported by grants grant 13-02033S, P305/12/P388 and P305/12/1247 of
GACR.
(1) Tauber J, Dlaskova´ A, Santorova´ J, Smolkova´ K, Ala´n L, Spacek T, Plecita´-
Hlavata´ L, Jaburek M, Jezek, P Distribution of mitochondrial nucleoids upon
mitochondrial network fragmentation and network reintegration in HEPG2
cells. Int J Biochem Cell Biol 45:593-603, 2013.
(2) Mlodzianoski MJ, Schreiner JM, Callahan SP, Smolkova´ K, Dlaskova´ A,
Santorova´ J, Jezek P, Bewersdorf J. Opt Express 2011; 19:15009-19.
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The combination of optics and microfluidics is a very powerful and non inva-
sive tool to perform single cell analysis and imaging. Being able to measure
properties at a single cell level is of fundamental importance to understanding
cellular systems and their heterogeneity. We present flow cytometry systems
with added rotation techniques to gain isotropic high resolution 3D images
of the measured objects. They can be combined with most optical microscopy
systems and used with a wide range of fluorescent dyes and antibody staining.
The optofluidic cell rotator (OFCR) holds single live cells in suspension using a
dual beam optical trap and can rotate the cells by either manipulating the micro-
fluidic flow or the alignment of the trapping beams. Such manipulations allow
in plane, as well as tomographic rotation of the cell. By monitoring the cell dur-
ing the smooth and controlled tomographic cell rotation, we can reconstruct a
3D image of the cell with an isotropic resolution, bypassing the normally lower
z-resolution. Additionally, by measuring the nature of the rotation itself, it is
also possible to observe underlying properties of the cells.
We have explored a number of methods to perform cell rotation. One straight-
forward possibility is to flow liquid past the trapped cell. If the cell is held in the
correct position, the imbalance of the forces acting across the cell surface re-
sults in a smooth tomographic rotation. We are able to show by cell rotation
that the z-resolution can be improved by threefold over confocal imaging of
the same cell. Another parameter which can be controlled is the relative posi-
tion of the optical fibres, leading to a fibre-optic spanner. We have developed a
novel dynamic fibre-optic spanner, capable of detailed measurement of the
rotation properties of cells within the trap.
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Polarized Resolved Single-Molecule Localization-Based Super-Resolution
Fluorescence Microscopy Reveals Orientation Order in Bio-Molecular
Assemblies
Haitham Ahmed Shaban, Cesar A. Valades-Cruz, Julien Savatier,
Serge Monneret, Herve Rigneault, Nicolas Bertaux, Sophie Brasselet.
CNRS, Aix Marseille Universite´, Institut Fresnel, UMR 7249, 13013,
Marseille, France.
Fluorescence microscopy allows noninvasive imaging of numerous species in
biological specimens with single-molecule sensitivity. Super-resolution micro-
scopy techniques based on single molecules localization, taking advantage of
this sensitivity, have brought a significant improvement in nano-scale imaging
of molecular assemblies in biological specimens. These methods can now im-
age living cells [2-3], three-dimensional specimens [4], and multiple species.
However, apart from one early demonstration [5], these methods are not
exploited to provide information on the orientation and rotational freedom of
individual molecules, which can be used to analyze the degree of interaction
between molecules in biological systems. Furthermore, understanding organi-
zation and functionality of molecular machines often requires the determina-
tion of the orientation of molecules within cellular structures and the relation
between one molecule and its surrounding ones.
In this work, we report a super-resolution polarization-resolved microscopy
technique able to image molecular orientation in static and dynamic environ-
ments at single molecule level and nano-scale resolution. Using direct Stochas-
tic Optical Reconstruction Microscopy (dSTORM) [6] in combination with
polarized detection, fluorescence anisotropy images can be reconstructed at a
spatial resolution of 30nm, from which both the dynamical nature of the molec-
ular orientational order and its static angular constraint can be deduced. Based
on a refined signal analysis technique which provides high accuracy in the esti-
mation of molecular anisotropies, we report nano-scale orientational behaviors
of biomolecular assemblies in fixed cells and in vitro, such as in amyloid aggre-
gates and actin fibers.
[2] Hess, S.T. et al. (2007) Proc. Natl. Acad. Sci. USA 104:17370-17375.
[3] Shroff, H. et al. (2008) Nat. Methods 5: 417-423.
204a Sunday, February 16, 2014[4] Huang, B. et al. (2008) Science 319 :810-813.
[5] T J Gould et al., (2008) Nature Methods 5:1027-1030.
[6] Heilemann, M. et al. (2008) Angew. Chem. Int. Ed.Engl. 47:6172-6176.
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FRET is sensitive technique for the determination of protein clustering in living
cells. It is often applied in fluorescence microscopy where ratiometric measure-
ments are easy to carry out. Pixel-by-pixel determination of FRET efficiency is
expected to reveal potential heterogeneity in protein association states. How-
ever, a systematic evaluation of how reliable pixel-by-pixel FRET calculations
are in the presence of low photon numbers, significant background fluorescence
or outlier pixels has not been reported. Here, we have carried out such an anal-
ysis and conclude that the mean of pixel-by-pixel FRET efficiencies is often a
biased and unreliable estimator of FRET efficiency. In addition, we have devel-
oped a method to determine the FRET efficiency based on maximum likelihood
estimation. The Poisson statistics of photon numbers detected in the donor,
FRET and acceptor channels is taken in to account to maximize the likelihood
of the observed fluorescence intensities measured using a photon counting
detector. Our calculations and simulations show that the maximum-
likelihood-based method is a reliable method to estimate the FRET efficiency
and outperforms both pixel-by-pixel FRET calculations and FRET efficiency
calculated from summed intensities.
1029-Pos Board B784
STED-RICS - A Versatile Method for Studying Biomolecular Dynamics in
Live Cells
Per Niklas Hedde, Rene´ M. Do¨rlich, Rosmarie Blomley, Dietmar Gradl,
Emmanuel Oppong, Andrew C.B. Cato Cato, G. Ulrich Nienhaus.
Karlsruhe Institute of Technology (KIT), Karlsruhe, Germany.
By analyzing spatio-temporal correlations of fluorescence intensity fluctuations
from raster-scanned microscopy images, raster image correlation spectroscopy
(RICS) provides spatially resolved information on fast molecular dynamics
such as protein diffusion or receptor-ligand interactions inside living cells
and tissues [1]. Conventional RICS can only distinguish larger regions of inter-
est, however, and requires low fluorophore concentrations in the nanomolar
range, due to its diffraction-limited optical resolution. We have recently com-
bined RICS with stimulated emission depletion (STED) microscopy to remove
these limitations [2]. STED-RICS yields an enhanced multiplexing capability
due to the increase in spatial resolution and can accommodate up to ~100-
fold higher fluorophore concentrations.
[1] Rossow, M.J.; Sasaki, J. M.; Digman, M. A.; Gratton, E., Nat. Protoc. 2010,
5, 1761-1774.
[2] Hedde, P. N.; Do¨rlich, R. M.; Blomley, R.; Gradl, D.; Oppong, E.; Cato, A.
C.; Nienhaus, G. U., Nat Commun. 2013, 4, 2093.
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1Swinburne University of Technology, Melbourne, Australia, 2Centre for
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Fluorescence from fluorescent probes has provided a physical means to deter-
mine dipolar relaxation processes. The spectral relaxation or red-shift can be
followed in time using time-resolved fluorescence spectroscopy [1-2].
Here, we characterise the dipolar dynamics in the membranes of the Golgi
apparatus and compare them with non-Golgi membranes in living cells. Fluo-
rescence lifetime imaging microscopy is our experimental approach and the
NBD-ceramine is our Golgi-specific membrane probe.
We present two different set of fluorescence lifetime images of the Golgi-
stained membranes and non-Golgi membranes for two different wavelengths.
When detected at 530nm, the NBD-ceramide probe has a lifetime of about
750.2ns and largely independent of spatial location as determined from the
phase or modulation of the emission. However, differences in fluorescence life-
times are more evident for the data collected at 600nm. In both the Golgi and
non-Golgi membranes the phase lifetime is significantly larger than the modu-
lation lifetime (D0.6ns Golgi, D1ns non-Golgi).
We analysed the data according to Generalized Polarization (GP) model along
with the phasor plot linear extrapolation method [3]. Analysing FLIM data
from 10 individual cells leads to obtain two time-constants, T1 and T2 that char-
acterise the emission and the correlation time, Ts, of relaxation process. T1 is
significantly smaller in the Golgi membranes than in the non-Golgi regions
but T2 are similar in all detected membranes. As a consequence Ts is muchsmaller (0.8 ns) than in non-Golgi regions (3.5ns). This suggests that dipolar
relaxation in the membrane interface of Golgi is less restricted than non-
Golgi membranes.
[1] M. Maroncelli and G. R. Fleming, J. Chem. Phys., 86,11, p.6221, 1987.
[2] P. Jurkiewicz, et. al., J. Fluorescence, 15, 6, pp.883-894, 2005.
[3] A. H. A. Clayton, et. al., J. Microscopy, 213, 1, pp.1-5, 2004.
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Collagen is a triple-helix protein that self-assembles into supramolecular
fibrils, essential for the biomechanical integrity and physical properties of
biological tissues and organs. Second Harmonic Generation(SHG) micro-
scopy exploits a second order nonlinear coherent optical process to image
macromolecules with non-centrosymmetric structure, as collagen fibers(1).
Such a label-free approach provides three-dimensional(3D) imaging of the
structural organization of the collagen fibers in tissues at a sub-cellular res-
olution with intrinsic optical sectioning, high deep penetration and reduction
of out-of-focus photobleaching and phototoxicity(2). Here, we collected the
endogenous SHG signal of the collagen to evaluate the hierarchical structure,
organization and orientation of collagen fibers in different types of specimen,
from ex-vivo biological tissues to bioengineered samples(3). To conduct this
study, we coupled a femtosecond Ti:Sapphire Chameleon Ultra II laser(Co-
herent, Santa Clara, CA, USA) with a Leica TCS STED-CW confocal
microscope(Leica-Microsystems, Mannheim, Germany). This allowed col-
lecting the forward, the backward SHG signal and the TPE autofluorescence
of the samples(2). Moreover, we also focused our attention on the SHG
signal as function of polarization states of the incoming light to distinguish
among different collagen fiber types and orientations(4). Analysis of the po-
larization of the outcoming light and the ratio FSHG/BSHG was carried out
due to its potential in providing more detailed information about the sample,
for instance a relationship with the diameter and the functional and structural
organization of the collagen fibers variability in various tissues. For example,
this allows realizing a set of features useful to evaluate the assembly of arti-
ficial tissues depending on the scaffold role in the collagen fibers assembly
when mimicking a target tissue.
1. Chen X. et al. Nat Protoc. 7(4),654(2012).
2. Bianchini P. et al., J. Biophotonics, 1,6(2008).
3. Scaglione S. et al. Nature Sci. Rep. 2,(274): 1-6(2012).
4. Odin C. et al, Opt.Express, 16,20(2008).
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Cholera afflicts more than 5 million people annually. Here, we investigate the
virulence pathway of this epidemic disease with live-cell single-molecule
fluorescence imaging in Vibrio cholerae cells, the bacterium responsible for
producing the cholera toxin. In the Gram-negative pathogen V. cholerae, viru-
lence gene expression is under control of an unusual set of membrane pro-
teins. Here, a membrane complex including two activators, ToxR and TcpP,
binds the toxT promoter, recruits RNA polymerase, and activates toxT gene
expression leading to activation of ToxT-controlled virulence genes. To
circumvent the diffraction limit of light, which bounds the resolution of opti-
cal microscopy to ~250 nm, we use single-molecule tracking and super-
resolution techniques like Photoactivated Localization Microscopy (PALM)
to achieve resolutions more than an order of magnitude better than the diffrac-
tion limit. We have created fusions of the membrane-bound transcription ac-
tivators TcpP and ToxR with orthogonal photo-(re)activatable fluorescent
proteins, and in this study, we examine the dynamics and co-localization
patterns of single PAmCherry-TcpP and mCitrine-ToxR molecules in the
virulence pathway. We also image V. cholerae cells that have knockouts
of ToxR and/or TcpP to determine if the protein dynamics change in the
absence of the binding partner. This work aims to identify characteristics
of TcpP and ToxR motion to understand their regulatory behavior in the
transcriptional activation of the gene toxT and subsequent activation of
downstream virulence genes, and to establish a model for the formation of
